The dielectric functions of amorphous GdAlO x (GAO) films grown by the sol-gel process were investigated from 1.12 to 8.5 eV as a function of annealing temperature using spectroscopic ellipsometry (SE). A GAO precursor sol with a molar ratio of Gd:Al = 1:1 was prepared. Thin layers were formed by spin-coating on p-type Si substrates. The layers were sintered at 400 C for 2 h in an ambient atmosphere, then rapid-thermal-annealed (RTA) at 700 or 800 C for 1 min in an N 2 ambient. The optical properties were measured via variable angle SE, at room temperature. The angle of incidence was varied from 50 to 70 in 10 steps. The dielectric functions of the resulting GAO films were obtained from the measured pseudodielectric functions by multilayer-structure calculations using the Tauc-Lorentz (TL) dispersion relation. The real and imaginary parts of the dielectric functions were found to increase with increasing RTA temperature. The film thicknesses and TL parameters (threshold energy E g and broadening C) decrease with increasing RTA temperature.
INTRODUCTION
Rare-earth-based oxides are promising materials as high-k dielectric layers for use in nanometric device structures such as field-effect transistors, and logic and memory elements. [1] [2] [3] GdAlO x (GAO) is one of the primary candidates for enhancing performance in semiconductor applications. 1 It has the advantages of a high-k dielectric function, a large bandgap, and a large conduction band offset, and as a result is considered to be a material suitable for charge-trap-type nonvolatile flash memories. 4 Also, GAO is an important host material for RE 3+ (Ce 3+ , Nd 3+ , Er 3+ , Eu 3+ , Tb 3+ , Sm 3+ , and Dy 3+ ) phosphor activators, promising efficient luminescence. 5 6 Data for the complex dielectric function = 1 + i 2 are needed for the proper design and characterization of devices. However, no data for GAO have been reported so far.
Here, we report of amorphous GAO films prepared by the sol-gel method. The sol-gel process has the advantages of simplicity, cost-effectiveness, * Author to whom correspondence should be addressed. controllability of chemical compositions, and printability. It has also recently been employed as a simple, highthroughput method to achieve large-area, low-cost electronic devices. [7] [8] [9] [10] We prepared our GAO (Gd:Al = 1:1) films by spin-coating the precursor solution on p-type Si substrates, followed by 2 h of sintering and 1 min of rapid thermal annealing (RTA) at different temperatures. We measured their pseudodielectric functions from 1.12 to 8.5 eV using spectroscopic ellipsometry (SE), which is an excellent technique for determining complex refractive indices and dielectric functions without need for Kramers-Kronig relations. 11 To extract , we performed multilayer-structure calculations using the Tauc-Lorentz (TL) dispersion relation. A dependence of on the RTA temperature is found and discussed. . We dissolved the precursor powder, mixed with a nominal ratio of Gd:Al = 1:1, in 2-methoxyethanol by stirring at 100 C for 1 h. The mole concentration of the precursor solution was 0.4 M. The precursor sols were spin-coated at 4000 rpm on p-type Si substrates cleaned with dilute HF, then dried on a hot plate at 150 C for 5 min in air to form gel films. The gel films were sintered at 400 C for 2 h again in air. Finally, post-annealing was performed by RTA for 1 min at 700 or 800 C in an N 2 ambient. X-ray diffraction 2 data were collected with Cu K radiation at an incidence angle of 2 , which showed that the GAO films were amorphous. The ellipsometric parameters and were obtained at room temperature from 1.12 to 6.52 eV using conventional SE 12 and from 6.54 to 8.5 eV using vacuum ultra-violet SE. 13 Here, tan and are the amplitude ratio and the phase difference of the complex reflectances r s and r p for s-(TE-) and p-(TM-) polarized light, respectively. The relationship between ( , and the pseudodielectric function where is the angle of incidence (AOI). The measurements were performed at = 50, 60, and 70 to obtain accurate values of the dielectric response. Figures 1(a) and (b) show the measured and spectra, respectively, of the GAO samples. For lucidity, only those obtained at the AOI of 50 are presented. Changes in the and spectra with RTA temperature are clearly seen. These are due to overlapping changes in both and the film thicknesses d. The dependence of the ellipsometric spectra on of a sample before RTA is shown in Figure 2 as the open dots. For clarity, the number of data points was reduced appropriately. To obtain and d, spectra obtained at all three values of were fit simultaneously using a multilayer (ambient/GAO/Si substrate) model. We use the TL dispersion expression 15 to describe the dielectric function of GAO, where the T refers to the Tauc joint density of states model and the L to the Lorentz oscillator. In the TL model, 2 is expressed as 
EXPERIMENTAL DETAILS
= 1 + i 2 is 14 r p r s = tan ·exp i = sin 2 −cos −sin 2 1/2 sin 2 +cos −sin
RESULTS AND DISCUSSION
The fitting parameters A, E 0 , C, and E g are the amplitude, peak position, broadening, and threshold energy, respectively. All parameters are in units of energy. The corresponding real part 1TL of is then obtained by KramersKronig integration.
The results of the fitting procedure are shown as solid lines in Figure 2 and data for all three values of , confirming the high quality of both the model and data. Similar results are obtained for the samples after RTA at 700 and 800 C. The thicknesses and TL parameters obtained are listed in Table I . It is not surprising that d and the broadening C decrease with increasing RTA temperature. Generally, high-temperature annealing causes decreases in both parameters. Figure 3 shows the spectra of all GAO films. We find that both 1 and 2 increase with increasing RTA temperature. Also, the TL threshold energy E g decreases from 6.120 eV for no RTA to 5.382 eV for an 800 C RTA. Differential thermal analysis data in the literature show a crystallization peak at 850 C and a crystallization temperature of over 900 C. 6 Hence our GAO films remain amorphous even after the 800 C RTA. However, improves considerably as a result of RTA for only 1 min at a temperature that is relatively low compared to the general crystallization temperature. This lower thermal budget will be useful in the design and manufacture of low-cost electronic devices. The variation of the optical properties of these nominally amorphous thin films can be attributed to their granular nature and open structure. 16 From our RTA results, our GAO films become more dense due to a reduced open structure, leading also to decreasing film thickness. The observed increase in the values of 1 and 2 for the GAO film with increasing density is consistent with results obtained in a previous crystallization study of Si. 17 In that case both 1 and 2 increase and the threshold energy decreases with increasing annealing time. Although the result in Ref. [17] is due to crystallization, it is consistent with this work, because the density increases with annealing time in general.
For design purposes, we show the complex refractive indexñ = n + ik in Figure 4 . The relationship betweenñ and is
The increase of both the n and k seen in Figure 4 is similar to the changes in seen in Figure 3 .
CONCLUSIONS
Amorphous GAO thin films are fabricated using the sol-gel process at an atomic ratio of Gd:Al = 1:1 and processed at various RTA temperatures. The optical properties of the GAO films are obtained by the analysis of SE data acquired under standard room conditions. data for GAO have not been reported so far. The spectra of the GAO films are successfully described by the Tauc-Lorentz model. increases and d decreases with increasing RTA temperature due to densification. The electrical properties of these films are currently being determined. We believe that the improvement of the amorphous GAO films by RTA will be useful in a number of contexts, in particular in engineering nanoscale device structures by a particularly cost-effective process.
